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Abstract 


Nowadays, 3D printing has become a popular method among surgeons due to its merits in 
orthopedic treatments. In this method, polymeric biomaterials are deposited in a layer-by-layer 
manner to fabricate 3D objects that can be used as orthopedic implants and plates; however, 3D- 
printed implants or plates may lack properties required to bond with host tissue. Coating surface 
of plates with nano-fibers is an appropriate way to modify plates to overcome this challenge. In 
this study, first, an orthopedic plate was 3D printed with Polylactic acid (PLA) and coated with 
polycaprolactone (PCL)/Akermanite (AKT) nano-fibers. The composition included 8 wt.% of PCL 
and 3 wt.% of nAKT, while diameter of the PCL/AKT nano-fibers was approximately 253 nm + 
33 nm. Thermomechanical properties such as pressure, three-point bending flexural, and thermal 
conductivity of coated and non-coated specimens were examined and compared. In the next step, 
the bioactivity of the coated samples was evaluated following a 28-day immersion in simulated 


body fluid (SBF). Further, scanning electron microscope (SEM) images were taken to assess 


morphology of nanofibers and apatite formation on samples. By adding PCL to PLA, the 
sample, the maximum bending flexural force is enhanced by 21.39%. The results of this study 


are used to improve modeling of the orthopedic plates. 
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Bioactivity evaluation; Optimization 


1. Introduction 


Orthopedic plates have revolutionized the field of orthopedic surgery by providing 
effective solutions for stabilizing fractures, correcting deformities, and promoting the healing of 
bone injuries [1]. These medical devices are designed to offer mechanical support to damaged 
bones, facilitating the natural healing process and restoring the structural integrity of the skeletal 
system [2, 3]. However, manufacturing orthopedic plates with complex geometries using 
conventional techniques such as casting and machining is extremely challenging [4]. In this case, 


new methods are needed to manufacture plates with these complex shapes [5, 6]. 


Three-dimensional (3D) printing, also known as additive manufacturing, has emerged as a 
transformative technology in the production of medical implants [7, 8]. This technique allows for 
the creation of complex structures with high precision and customization, enabling the fabrication 
of patient-specific orthopedic plates tailored to individual anatomies. The layer-by-layer 
deposition process inherent in 3D printing grants unprecedented control over the final product's 
geometry and internal architecture [9]. This flexibility not only optimizes the implant's mechanical 
performance but also enables the use of a wide range of biomaterials such as biopolymers, bio- 
ceramics, and bio-based metals [10-13]. Schulze et al. [14] utilized Selective Laser Melting (SLM) 
3D printing to fabricate orthopedic implants made out of Ti-6AI1-4V alloy. They found and showed 
an improvement in mechanical properties that are appropriate for orthopedic implants. Although 
3D printing provides impressive flexibility in the manufacturing of complex plates and implants, 
the implantable materials may lack biological and mechanical properties. In this case, other 


techniques are needed to address these challenges. 


Coating techniques play a key role in enhancing the surface properties of medical implants. 


Coatings can improve biocompatibility, osseointegration, mechanical properties, corrosion 
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resistance, and drug delivery capabilities, and have the potential to enhance osseointegration and 
reduce the risk of implant-related complications [15-22]. Various methods, including dip coating, 
chemical vapor deposition, and electrospinning have been employed to deposit coatings onto 
implant surfaces [23-27]. The combination of these coating techniques with 3D-printed orthopedic 
and tailored functionalities. Robertson et al. [28] used titania nanotube interfaces to improve the 
adhesion of HA coatings on metallic implants. The study demonstrates the feasibility of enhancing 


coating adhesion strength and incorporating bioactive dopants in HA sol-gel coatings. 


Polymeric nanofibers have gained significant attention due to their properties such as high 
surface area-to-volume ratio, easy manufacturing, and potential for controlled drug release [29- 
34]. The fibers, with diameters typically ranging from tens to hundreds of nanometers, can be 
engineered to mimic the native extracellular matrix, promoting cell adhesion and proliferation. In 
the context of orthopedic implants, polymeric nanofibers can serve as coatings to improve the 
implant's surface characteristics, leading to improved cellular response and more effective 


integration with the surrounding tissue. Saniei et al. [35] employed a combined method that 


orthopedic implants. They utilized Polyvinyl alcohol (PVA)/Hydroxyapatite electro-spun 
nanofibers as a coating on the surface of a PLA 3D-printed implant. Their findings revealed 


improvements in the biocompatibility and bioactivity of the implants. 


The choice of polymeric biomaterials significantly influences the performance of nanofiber 
coatings. Biocompatibility, biodegradability, mechanical strength, and ease of processing are key 
considerations in selecting suitable polymers. Biopolymers such as polycaprolactone (PCL) have 


gained prominence in orthopedics due to their biocompatibility and tunable degradation rates [36- 


a bioactive interface for cell 


38]. When used as coating materials, these polymers can provide 
interaction and tissue regeneration, enhancing the long-term stability of orthopedic implants [39, 
40]. PCL is a synthetic polymer widely investigated in the field of biomedical applications. Its 
slow degradation profile makes it particularly suitable for sustained drug release and tissue 


engineering [41, 42]. When fabricated into nanofibers, PCL offers a structural scaffold that can 


enhance cell adhesion and guide tissue growth. Radhakrishnan et al. [43] investigated PCL/AgNps 
scaffolds as tissue engineering scaffolds. Their study revealed an improvement in stiffness, 
cytocompatibility, and antibacterial properties. Razmjooee et al. [44] investigated electro-spun 


polycaprolactone nanofibers for an anti-thrombogenic application. They enhanced the nanofibers 


by graft copolymerization with acrylamide monomers through RF oxygen plasma treatment, and 


their findings revealed an improvement in the anti-thrombogenic properties of the nanofibers. 


Bio-based nanoceramics, such as hydroxyapatite and akermanite, characterized by their 
nanoscale dimensions and unique biological properties, have gained attention as potential 
candidates for orthopedic implant coatings [45]. In recent years, akermanite (Ca2MgSi207) has 
been utilized widely for biomedical applications due to its biocompatibility, bioactivity, and 
resemblance to natural bone minerals. The composition of Akermanite offers a suitable 
environment for cell attachment and bone integration. When this bio-based nanoceramics is 
incorporated into nanofiber coatings, the composite coating can enhance the osteoconductivity and 
biomineralization properties of orthopedic implants, contributing to their overall performance. 
Zare-Harofteh et al. [46] used akermanite nanoparticles in porous gelatin (Gel) scaffolds for bone 
tissue engineering. The scaffolds exhibit bioactivity, apatite formation, and favorable mechanical 


nanoparticles on the surface of 3D-printed scaffolds. Their findings showed an enhancement in the 


mechanical properties of the scaffolds and their ability to control drug release due to the presence 
of magnetic nanoparticles. In another study conducted by Karamian et al. [48], 
polycaprolactone/bioglass was used as a coating on the surface of hydroxyapatite-baghdadite 
nanocomposite scaffolds. Their study showed the formation of bone-like apatite on the surface of 
the scaffolds due to the presence of baghdadite and hydroxyapatite, resulting in good bioactivity 


of the scaffolds. 


Artificial Intelligence (AI) has emerged as a useful tool in various scientific and 
technological domains, especially its application in orthopedic implant design holds immense 
potential [49, 50]. This approach allows for the rapid exploration of a wide range of coating 
parameters, leading to the identification of optimal configurations that enhance the implant's 
thermomechanical performance. Moreover, AI facilitates predictive modeling, aiding in the 
estimation of long-term implant behavior under varying conditions. Nasiri et al. [51] showed in 
their study that the mechanical properties of metallic, composite, and 3D-printed implants can be 
predicted by data-driven approaches. They demonstrated that this approach is extremely useful in 
the design and manufacturing of implantable materials, which can also reduce the cost of 


implantable materials such as orthopedic plates and implants. 


2. Materials and Methods 


2.1. Materials 


PCL (Mw: 80,000g/mol), dichloromethane (CH2Clz), and Fetal Bovine Serum (FBS), and 
also materials needed to synthesize nano-Akermanite powder were purchased from Sigma-Aldrich. 
D-water was employed for the preparation of all solutions. Commercial PLA filament (1.75 mm) 


was purchased from Esun Company. 


2.2. 3D printing of orthopedic plate 


The STL file of the designed plate was obtained by Ultimaker Cura software. The layer 
height was set at 200 um and the infill pattern was 0-90. The STL file was transferred to a 
customized 3D printer equipped with a 200 um extrusion nozzle tip. The temperature of the nozzle 


was set at 200°C and the speed of the printing process was set at 20 mm/sec. 


2.3. Synthesizing of nano Akermanite powder 


The AKT (CazMgSi207) powders were synthesized using a sol-gel approach [52]. As 
starting materials, tetraethyl orthosilicate ((TEOS; C2HsO)4Si), magnesium nitrate hexahydrate 
(Mg (NO3)2 6H20), and calcium nitrate tetrahydrate (Ca (NO3)2-4H2O), and as a precipitant 


nitric acid (HNO3) were used. The mentioned materials were stirred for 4 hours at 25°C. Next, 


the solution was heated in an oven at 70°C for 1-day and then, it was dried at 130 °C for 2-days. 
The AKT powder was milled to make nano-sized AKT (nAKT) and sintered at 1400 °C for 3 


hours. 


2.4. Electrospinning of PCL nanofibers 


PCL was solved in dichloromethane and stirred for 4 h using a magnetic stirrer to achieve 
varied solutions of 4.0, 6.0, and 8 wt.%. 1 mL of each PCL solution was loaded in a standard 
syringe. The electrospinning process was performed with an electrospinning apparatus consisting 


of a high-voltage power supply, a metal collector, and a syringe infusion pump. 


2.5. Electrospinning of PCL-nAKT nanofibers 


The PCL 8 wt.% was chosen because of the uniform and bead-free form of its nanofibers. 
3 wt.% of the nAKT powders were added to the PCL solution and sonicated for 1 h to prepare 
homogenized suspensions. Circular samples of the orthopedic plate with 10mm in diameter and 
3 mm in thickness were 3D printed and situated on the collector. The prepared PCL-nAKT 
suspensions were used to coat the surface of samples directly with electro-spun nanofibers. For 
this reason, | mL of each suspension was loaded into a syringe and the electrospinning process 
was done with the parameters of 0.2 mL/h for injection rate, 100mm for the distance between 


needle and collector, and 12 kV for the voltage. 


2.6. Bioactivity evaluation 


ISO 23317 was used to evaluate the bioactivity of the coated specimens. The coated 
samples with electro-spun PCL-nAKT nanofibers were soaked in polyethylene containers 
consisting of SBF and for 28 days, kept in an incubator at 37°C. The volume of SBF in each 


container was calculated using the equation (1). 
S (1) 


Wherein Sa is the surface area of samples in mm’, and Vs is SBF volume calculated in mm’. 


Further, specimens were taken out of the containers, washed with DW, and dried at 25°C. 


2.7. Characterization methods 


FESEM-NOVA, 10 kV was used to observe the morphology of electro-spun PCL and PCL- 
nAKT nanofibers. To characterize the size/shape of nanofibers, Image J software was used. All 
experiments were repeated three times. XRD-D8 Bruker was done to verify the formation of nAKT 


through the synthesis process. 


2.8. Thermal conductivity 


The thermal conductivity of prepared 3D samples with and without coating was examined by a 


KD2 Pro with a stainless steel KS; sensor at varied temperatures of 30, 35, 40, and 45°C. Each test 


3. Results and Discussion 


3.1. Characterization of 3D-printed Plate and electro-spun PCL nanofibers 


As shown in Figure 1, the designed orthopedic plate was well 3D-printed. Its dimensions 
were the same as it was designed and its surface was smooth without irregularity. Three 
different concentrations of PCL were examined to obtain electro-spun nanofibers. After 
electrospinning of the three PCL solutions, as the volume% of the PCL solution increased from 
4.0 to 8.0 wt.%, uniform and bead-free nanofibers with a mean diameter of 296 nm + 48 nm 


were obtained. Hence, in this study, PCL 8 wt.% is selected for further experiments. 


Figure 1. The image of a 3D-printed orthopedic plate 


Figure 2 illustrates the morphology of the electrospun PCL nanofibers from the 
concentration of 8.0 wt.%. In the electrospinning process, the formation of beads within 
nanofibers is connected to 3 parameters net charge density, solution surface tension, and 
solution viscosity [53]. For eliminating beads, solution viscosity and net charge should be 
increased and the surface tension of the polymer solution should be decreased [53]. Moreover, 
by increasing the volume% of the polymer solution, the charged electrospinning jet could 


tolerate coulomb stretching force and resulted in the formation of smooth and thick fibers [54]. 
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Figure 2. SEM image of electro-spun PCL nanofibers 


3.2. Characterization of electro-spun PCL-nAKT nanofibers and coated plate 


Figure 3 illustrates the morphology of PCL-nAKT electro spun nanofibers which 
contained PCL 8 wt.% and nAKT 3 wt.%. As shown in the SEM images, bead-free and uniform 
nanofibers were fabricated. nAKT particles are displayed in images while they are in the PCL 
nanofibers and dispersed uniformly within the nanofiber matrix. In the electrospinning process, 
the addition of ionic materials in a polymeric solution results in a decrease in the diameter of 
nanofibers [55-58]. Analysis of the PCL-nAKT nanofibers with Image J software showed that 


the average diameter of the PCL nanofibers decreased after the addition of nAKT to the PCL 


solution from 296 nm + 48 nm to 253 nm + 33 nm. Energy Dispersive X-ray analysis (EDX) 
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Figure 3. SEM image of electro-spun PCL-nAKT nanofibers and EDX of nAKT 


As mentioned, an XRD test was done to verify the formation of nAKT through the 
synthesis process. In Figure 4a, sharp characteristic peaks at 20 = 28.904°, 20 = 31.169°, and 20 
= 33.434° with a d-lattice spacing of 3.0865 Á, 2.8672 Á, and 2.6781 Á and also lower-intensity 
peaks were discovered for synthesized nAKT. Also, in Figure 4b, the composition of PCL-nAKT 
nanofibers is verified by the appearance of the characteristic peak at the 20 = 19.619° with a d- 


lattice spacing of 4.5213 Á. 
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Figure 4. XRD patterns of a) nAKT synthesized powder and b) PCL-nAKT nanofibers 
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3.3. In-vitro bioactivity evaluation 


The implant’s ability to bond with host tissue can be evaluated in-vitro by immersing 
the implant in SBF and assessing the formation of apatite on the surface of the implant by which 
bioactivity property of the implant [59]. In this study, nAKT particles are utilized to accelerate 
the formation of the apatite on the surface of plates which enhances bioactivity of the orthopedic 


plate. 


SEM images of the surface of coated and non-coated samples soaked in SBF after 28 
days are shown in Figure 5 (a, and b). Spherical apatite crystals were formed on the surface of 
specimens during the incubation in SBF, which could confirm the formation of an apatite layer 
on the surface of specimens and consequently, could confirm the in-vitro bioactivity of 


specimens. 


Figure 5(a) illustrates the surface of a non-coated PLA specimen after 28 days in SBF. 
As shown in the Figure, the apatite layer formed on the surface of the non-coated specimen, 
which verified the bioactivity property of the sample; however, it could not form a porous 
extracellular matrix (ECM) on the surface of the sample. It is noteworthy to mention that surface 
properties of the implants and orthopedic plates, like nano-structured feature, is vital for the 


functionality of implantable materials [60]. 


Figure 5(b) displays the surface morphology of coated PLA specimens with PCL-nAKT 
nanofibers after soaking in SBF. It was observed that after 28 days of incubation in SBF, apatite 
crystals nucleated and grew within the PCL nanofibers. In this study, the utilization of AKT 


nanoparticles acted as nuclei which could accelerate the formation rate of the apatite layer. Also, 
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the roughness of the surface of coated samples could increase as a result of the mineralization 
of the PCL-nAKT nanofibers. The increased roughness in the surface is beneficial for better 
cell attachment and proliferation. Furthermore, as shown in Figure 5(b), the precipitation of 
nAKT and formation of apatite within the PCL nanofibers formed a porous structure on the 
surface of the PLA orthopedic plate, which can enhance water and nutrient transportation and 


is beneficial for human cell growth. 


Figure 5. SEM images of non-coated and coated samples with nanofibers after immersion in SBF after 28 days, 


(Left) non-coated sample (PLA), coated samples by (Right) coated sample with PCL-nAKT 


3.4. Pressure 


Figure 6 shows the Three-points bending flexural for non-coated and coated samples. As 


can be seen, by coating the PLA sample, the pressure resistance properties are increased. For 
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Figure 6. Force-Displacement curve of Pressure for non-coated and coated samples with nanofibers 


3.5. Three-point bending flexural 


Figure 7 shows the Three-points bending flexural for non-coated and coated samples. As 


can be seen, by coating the PLA sample, the bending properties are increased. For the PLA 
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Figure 7. Force-Displacement curve of 3-point bending flexural for non-coated and coated samples with 


nanofibers 


3.6. Thermal conductivity 


Figure 8 shows the measured thermal conductivity data of the 3D printed sample with and 
without coating in the SBF solution. By enhancing the volume fraction of nAKT, the thermal 
conductivity of the sample is lowered, which is because of nAKT particle insulation. Further, by 
enhancing temperature, sample TC is enhanced, which is because of particle's movements 


enhancing and an enhancement of interaction middle from particles. 
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Figure 8. Heat transfer rate of non-coated and coated samples with nanofibers after immersion in SBF 


3.7. Optimization 


Figure 9 shows the measured heat transfer data of the 3D printed sample with and without 
coating in the SBF solution in a 3D plot. Then, by the curve fitting method with the Levenberg— 
Marquardt algorithm, a curve was fitted on the 3D experimental data. In equation 2, the obtained 


model to optimize the model is calculated. 
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Figure 9. 3D heat transfer rate of non-coated and coated samples with nanofibers after immersion in SBF (Left) 


before and (Right) after the optimization 


Parabola2D Model 

Heat — Transfer — Rate = 0.3889 + 0.00497 * (2) 
S +(-0.08231)*7T +(-4.5E-5)* 

S? +0.01875*T* 


Reduced Chi-Sqr: 2.01119E-6, R-Square (COD): 0.99774, Adj. R-Square: 0.99692 


Where S is the sample and T is the Temperature (30, 35, 40, and 45°C). 
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4. Conclusion 


This study aimed to investigate thermomechanical features of coated 3D-printed 


orthopedic plates with PCL/AKT nano-fibers using experimental procedures. Results are: 


XRD and SEM tests were done to examine the formation of composition and to examine 
sample morphology. The XRD verified the composition of nanofibers and the SEM 
verified the homogeneity of particles and nanofibers. 

For the in-vitro bioactivity evaluation, it is clear that spherical apatite crystals were 
formed on the surface of specimens during the incubation in SBF, which could confirm 
the formation of an apatite layer on the surface of specimens and consequently, could 
confirm the in-vitro bioactivity of specimens. 


Both pressure and 3-point bending flexural tests show that by coating the PLA, the 


mechanical properties will increase. By adding PCL to PLA, the maximum pressure force 
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pressure force is enhanced by 4.72%. Further, by adding PCL to PLA, the maximum 
bending flexural force is enhanced by 21.06%. Further by adding nAKT to PLA+PCL 
sample, the maximum bending flexural force is enhanced by 21.39%. 

e For the thermal conductivity, by enhancing the volume fraction of nAKT, the thermal 
conductivity of the sample is lowered, which is because of nAKT particle insulation. 
Further, by enhancing temperature, sample TC is enhanced, which is because of particle's 
movements enhancing and an enhancement of interaction middle from particles. 

e After that, by ML algorithm and curve fitting method, the data was optimized and the 


calculated equation showed R?=0.99774 which indicated the curve fitted well on the 3D 


data. 


For further research studies, animal tests can be performed to prove the bioactivity, 
biocompatibility, and biodegradability of the coated PLA-3D-printed orthopedic plate with 


PCL/Akermanite nano-fibers as it was the limitation of this study. 
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